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experiments that have not been compared to field-scale measurements. We compiled published 23 data on field-scale measurements of greenhouse gas emissions from working and research dairies 24
and compared these to rates predicted by the IPCC Tier 2 modeling approach. Anaerobic 25 lagoons were the largest source of methane (368 ± 193 kg CH 4 hd -1 y -1 ), more than three times 26 that from enteric fermentation (~100 kg CH 4 hd -1 y -1 ). Corrals and solid manure piles were large 27 sources of nitrous oxide (1.5 ± 0.8 and 1.1 ± 0.7 kg N 2 O hd -1 y -1 , respectively). Nitrous oxide 28 emissions from anaerobic lagoons (0.9 ± 0.5 kg N 2 O hd -1 y -1 ) and barns (10 ± 6 kg N 2 O hd -1 y -1 ) 29
were unexpectedly large. (IPCC, 1996) , respectively, those emission rates were recalculated 198 using the revised values to be comparable to ours. 199
200

Summary of field measurements 201
Anaerobic lagoons and slurry systems had the highest per head GWP on dairies, averaging 12.8 202 ± 7 Mg CO 2 e hd -1 y -1 and 3.5 ± 1.7 Mg CO 2 e hd -1 y -1 , respectively (Table 2a) . Mean lagoon 203 GWP was about 20 times higher than mean solid manure storage GWP. When expressed on an 204 area basis, lagoons and slurry systems were similar, averaging 703 ± 195 kg CO 2 e m -2 y -1 and 205 827 ± 320 kg CO 2 e m -2 y -1 , respectively (Table 2b) . These rates were high; for comparison, the 206 highest landfill CH 4 emissions rates reported in Bogner et al. (1995) were 248 kg CO 2 e m -2 y -1 , 207 less than half those from liquid manure systems. Barn floors had the lowest GWP (38 ± 7 kg 208
CO 2 e hd -1 y -1 ) of all the dairy environments studied. Methane emissions were the largest 209 component of total GWP for all sources except for barns and corrals. 210
211
Liquid manure storage systems were the greatest source of CH 4 , with anaerobic lagoons and 212 slurry stores emitting 368 ± 193 kg CH 4 hd -1 y -1 and 101 ± 47 kg CH 4 hd -1 y -1 , respectively 213 (Table 2a) . Barns were the next largest source with 33 ± 19 kg CH 4 hd -1 y -1 . This was 214 unexpected given that only one study reported subfloor (deep pit) storage and that most others 215 reported relatively frequent scraping and/or flushing that removed substrate for GHG production. 216 217 Barns had the greatest N 2 O emissions by nearly an order of magnitude, with 10.3 ± 6.2 kg N 2 O 218 hd -1 y -1 (Table 2a) , although field data were highly variable (Table S6 ). Corrals and solid 219 manure piles were the next largest N 2 O source with 1.5 ± 0.8 kg N 2 O hd -1 y -1 and 1.1 ± 0.7 kg 220 N 2 O hd -1 y -1 , respectively (Table 2a) . Nitrous oxide emissions from anaerobic lagoons and slurry 221 stores were also substantial, with 0.9 ± 0.5 kg N 2 O hd -1 y -1 and 0. the other sources. These trends were consistent between the per-head and per-area data (Table  233 2b) and showed that the type of storage or surface measured was the greatest factor controlling 234 emission rates. and/or with warmer sampling temperatures for manure piles, barns, and whole dairies; however, 240 there was no significant correlation between CH 4 emissions and temperature when all the studies 241 for a given source area were considered. The lack of correlation for liquid systems may be due 242 to the limited range of MAT represented by the field studies; all studies but one (Todd et al., 243 2008) sampled liquid systems that were in regions where MAT was 6−15°C. Air temperature 244 during sampling had a larger range (-10.6 to 34.4°C , Tables S2-S3) Figure 3 ). The modeled CH 4 emissions from the 324 remaining sources (anaerobic lagoons and hardstandings) were within the standard error of the 325 field means or were negligible. Modeled whole dairy CH 4 emissions (calculated using 326 parameters for Western Europe) were slightly lower than the field measurement mean. The 327 default MCFs were within the standard error of the field measurement-derived means except for 328 slurry tanks and whole barns which had larger revised MCFs (Table 3) . 329
330
The impact of the revised barn/deep pit and slurry store MCFs was evaluated using data on slurry 331 storage in Europe because six of 13 barn studies were conducted in Europe, while slurry studies 332 were distributed in temperate regions globally. We used 1990 and 2011 emissions inventory 333 data for 12 European countries compiled by the United Nations Framework Convention on 334
Climate Change (UNFCCC, 2014) . Three of the 15 countries in the dataset were excluded due 335 to lack of data or falling outside the cool MAT temperature zone. The European data did not 336 distinguish between slurry stored in deep pits and tanks or ponds (i.e., one MCF was used for all 337 slurry, that in deep pits and in ponds), whereas we calculated revised MCFs for each system. 338
Thus, revised European slurry CH 4 emissions were calculated using each revised MCF to 339 provide a range. However, deep pit storage is often a temporary holding for slurry that is 340 eventually transferred to slurry tanks or ponds, so the MCF for slurry stores is likely more 341 applicable. 342
343
Calculations using the revised deep pit MCF gave total CH 4 emissions from European slurry 344 storage that were less than those using the country-specific slurry MCFs (8.4 ± 4.6 Tg CO 2 e y (Table 5 ). The 357 reduction in cows also decreased VS production by 7.8 Tg so there was less manure to manage 358 and produce GHG. However, an increase in the proportion of manure in liquid management in 359 most countries offset some of this decrease in CH 4 production; the current estimates suggest a 360 total net decrease (combined change in enteric and manure management emissions) of 480 Gg 361 17 CH 4 (Table 5 ). Using the revised slurry MCF for the 2011 estimates gives a smaller total net 362 decrease of 166 Gg CH 4 , with some countries (Denmark, Switzerland, and The Netherlands) 363 having net increases of 30−50 Gg CH 4 rather than decreases (Table 5) . 364
365
Measured vs. modeled N 2 O emissions 366
Modeled N 2 O emissions were less than half of the field measurement means for anaerobic 367 lagoons, solid manure piles, and barns (Table 6 ). In contrast, the modeled value for slurry stores 368 was greater than the field measurement mean. The other sources had modeled emissions that 369
were within the standard error of the field means or were negligible. The revised EF N2O values 370 for anaerobic lagoons, manure piles, and barns were larger than the default values, and the slurry 371
EF N2O was the same as the default (Table 6) . 372
373
The impact of revised EF N2O values was evaluated using state-specific data from 2011 for the US 374 (Table 7) because eight of the nine anaerobic lagoon studies and five of the ten manure pile 375 studies occurred in the US or North America; therefore, the revised EF N2O values should be 376 applicable to this region. The EPA assumed zero N 2 O emissions from anaerobic lagoons, 377 whereas the revised EF N2O gave 1.79 ± 0.90 Tg CO 2 e y -1 ( Figure 5 ). Nitrous oxide emissions 378 from solid manure piles also increased from 0.51 Tg CO 2 e y -1 to 3.36 ± 2.04 Tg CO 2 e y -1 using 379 the revised EF N2O (Figure 5) assume that two-thirds of the cows in the 13 European countries in Table 4 were kept in barns 389 
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